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METHOD AND APPARATUS FOR VOLTAGE 
TO CURRENT CONVERSION 

CROSS-REFERENCE TO RELATED 
APPLICATIONS 

This patent application claims priority under 35 USC 119 
from Provisional PatentApplication No. 60/830,225 ?led Jul. 
12, 2006, Which is incorporated herein by reference for all 
purposes. 

FIELD OF THE INVENTION 

The present invention relates to poWer conversion and, 
more particularly, to driving loads at selectable current levels 
from a voltage poWer source input. 

BACKGROUND OF THE INVENTION 

Ef?cient poWer conversion from a voltage source such as a 
battery or recti?ed and ?lteredAC source provides current for 
single or multiple loads is important in many consumer prod 
ucts. Load devices that require controlled current sources for 
proper operation include light emitting diodes (LEDs), 
LASERs, CPUs, battery chargers, lamps, and heater elements 
to name a feW. 

In lighting applications multiple matching current sources 
are required to reduce voltage stresses on poWer conversion 
components While insuring uniform brightness. Current 
sources must operate at high voltage levels to drive loads such 
as LEDs that are connected in series. For example 21 LEDs in 
series Would require approximately 75V output capability to 
provide 20 mA of current to the 21 LED devices in series. If 
the same 21 LEDs are driven by 3 matching current sources 
each driving 7 LEDs than the output of each current source 
Will only have to operate at 25V to provide 20 mA of LED 
current to the 7 LED devices in series. Often poWer converters 
are implemented as integrated circuits (ICs) Where the volt 
age capability of the process used to make the integrated 
circuit (IC) has a negative impact on IC die area, Which 
reduces yield and increases the cost of each IC. 

Often a single poWer source is used to provide poWer that is 
used in different physical locations in an application. To 
reduce cost, loads that require a ?xed current level must be 
supplied current from a single Wire With the chassis providing 
a return path for the current. The poWer converter frequently 
has to step up the input voltage, Which increases the current 
level in the Wiring from the voltage source to the converter, 
and reduces the current needed to deliver poWer to the loads. 
Therefore, it is important to be able to locate the converter 
near the voltage source, and minimiZe the number of Wires 
that are required to drive remotely located loads. 

High ef?ciency poWer conversion is also important espe 
cially in applications Where the input poWer source is a bat 
tery. Ef?cient operation increases the operating time betWeen 
battery charges, and improves product reliability. Reliability 
is improved by decreasing the component poWer losses, and 
thus the heat that those losses produce. 

Finally, portable products have siZe, Weight, and cost limi 
tations that are essential to meet the needs of present and 
emerging applications. PoWer conversion for generating cur 
rent sources must be designed With high levels of integration 
and minimal component count. 

Existing current source poWer converters typically use a 
single voltage to voltage converter such as a boost converter 
to produce a ?xed voltage source. The ?xed voltage source is 
used to provide current to the load or loads With a separate 
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2 
current sense element, series pass element, and control loop 
for each load. The current sense element, series pass element, 
and control loop regulate the load currents as the forWard 
voltage drop of the loads vary due to temperature, life, or 
variations in the component manufacturing process. 

Another approach to current source poWer converters is to 
use separate boost converters Where each load requires a 
current sense element, series pass element, and control loop 
to maintain accurate current levels. This improves ef?ciency 
by alloWing each stack of series load elements to operate at 
their minimum or mo st e?icient voltage level. For example, if 
the forWard voltage drop of the loads in series is 25V then the 
converter can be set to operate With a regulated voltage of 
26V, Where there is 1V across the series pass element used to 
regulate current. There is still a loss in the pass element used 
to control the load current, but it has been reduced. In each 
approach the load current is sensed continuously. 
The single voltage to voltage converter approach With mul 

tiple loads, each having separate current sensing and current 
control loops has many disadvantages. As multiple channels 
are added to address multiple loads, multiple current sense 
elements and Wires need to be added to provide feedback 
signals for the current control loops. The single voltage to 
voltage converter has to be set to a ?xed voltage that is 
suf?ciently high to supply current to the load With the highest 
voltage requirements. Loads that need less voltage have to 
dissipate poWer in the pass element to maintain current regu 
lation. The approach requires precisely matched loads. 
Unmatched loads result in loW ef?ciency. The current sensing 
components and current sense feedback Wiring add cost, siZe 
and Weight. 
The use of multiple boost converters for each load With 

remote current sensing for feedback to a current control loop, 
and series pass element improves ef?ciency by alloWing the 
voltage to be set to the minimum level that is required for 
current regulation. HoWever, this approach adds an inductor 
and ?lter capacitor for each current source in addition to the 
Wires and current sense elements that are needed to control 
current. 

When the load current is sensed continuously, the current 
sense element can be selected to provide a high gain current 
sense signal. This improves the signal to noise ratio, but the 
sense element has to be a higher impedance element, Which 
results in high current sense element poWer losses. The cur 
rent sense element can be selected to loWer sense element 

poWer losses, Which improves ef?ciency of operation, but the 
current sense signal gain is decreased resulting in a loWer 
signal to noise ratio. 

There is a need for a voltage to current converter that can 
provide multiple current sources at differing voltage levels 
using a single inductor, Without the need to provide a current 
sense element, pass element, and Wiring to provide feedback 
for load current regulation. The existing solutions for driving 
current source loads do not meet the present or future needs of 
poWer conversion for current dependent loads. A neW 
approach is needed. 

It is therefore an object of the invention to provide a voltage 
to current poWer converter. 

It is another object of the invention to provide a voltage to 
current poWer converter that is capable of supplying current to 
a plurality of loads using a single inductor. 

It is another object of the invention to provide a voltage to 
current poWer converter that has regulated current source 
outputs Without requiring current sense elements, pass ele 
ments, and Wiring to provide feedback for load current regu 
lation. 
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It is another object of the invention to provide a voltage to 
current poWer converter that operates more ef?ciently by not 
requiring continuous load current sensing. 

It is another object of the invention to provide a voltage to 
current poWer converter With reduced Weight, siZe, and cost 
by reducing the number of components that are required to 
supply current to a plurality of loads. 

BRIEF SUMMARY OF THE INVENTION 

In accordance With the present invention, there is provided 
a voltage to current converter that can provide multiple cur 
rent sources at differing voltage levels using a single inductor, 
Without the need to provide a current sense element, pass 
element, and Wiring to provide feedback for load current 
regulation. A sWitching inductor current is regulated such that 
the average current supplied by the inductor is equal to a user 
determined set point for a plurality of multiplexed loads. The 
inductor current levels are sampled and stored, and the aver 
age current level for each load is determined based on the 
sampled current levels. The average current levels are com 
pared to current level set point signals to determine an error 
signal for each load current. The error signal for each current 
is ampli?ed and ?ltered to provide duty cycle control terms. 
The duty cycle control terms are converted to pulse Width 
modulated control signals by a pulse Width modulator. The 
pulse Width modulated control1 signals control the duration 
of sWitch states to charge (energize) and discharge (deener 
giZe) the inductor to provide regulated average current levels 
to the plurality of loads. 

BRIEF DESCRIPTION OF THE DRAWINGS 

A complete understanding of the present invention may be 
obtained by reference to the accompanying draWings, When 
considered in conjunction With the subsequent, detailed 
description, in Which: 

FIG. 1 is a schematic vieW of a three output voltage to 
current converter (V CC); 

FIG. 2 is a schematic vieW of the prior art; 
FIG. 3 is a schematic vieW of a single output voltage to 

current converter; 
FIG. 4 is a schematic vieW of a multiple output voltage to 

current converter; 
FIG. 5 is a schematic vieW of a three output voltage to 

current converter system model; 
FIG. 6 is a schematic vieW of a control1 circuit model for a 

voltage to current converter; 
FIG. 7 is a schematic vieW of an isamplel circuit model for 

a voltage to current converter; 
FIG. 8 is a schematic vieW of an iaveragerl circuit model 

for a voltage to current converter; 
FIG. 9 is a schematic vieW of an ea?lterl circuit model 

circuit model for a voltage to current converter; 
FIG. 10 is a simulation result vieW of a voltage to current 

converter spice model shoWing inductor and load current 
Waveforms; 

FIG. 11 is a simulation result vieW of a voltage to current 
converter spice model shoWing channel sequencing and logic 
Waveforms; 

FIG. 12 is a simulation result vieW of a voltage to current 
converter spice model shoWing sampling Waveforms; 

FIG. 13 is a simulation result vieW of a voltage to current 
converter spice model shoWing averaging Waveforms; 

FIG. 14 is a simulation result vieW of a voltage to current 
converter spice model shoWing sWitching Waveforms; and 

FIG. 15 is a simulation result vieW of a voltage to current 
converter spice model shoWing pulse Width modulator Wave 
forms. 
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4 
For purposes of clarity and brevity, like elements and com 

ponents Will bear the same designations and numbering 
throughout the Figures. 

DETAILED DESCRIPTION OF THE PREFERRED 
EMBODIMENT 

De?nitions 

The SWitching Cycle is the duration betWeen tWo consecu 
tive charge cycles. The sWitching cycle is equal to the period 
of the operating frequency of the converter. Thus, if the oper 
ating frequency to the converter is 100 k HZ, the sWitching 
cycle if 10 microseconds long. 
The Channel Period is equal to the N times the sWitching 

cycle, Where N is the number of output load channels serviced 
or driven by one converter. 
An Output Current Source, or Output Channel, or Channel 

is a current driver output. 
The Duty Cycle (D) is the ratio of the charge duration 

relative to the sWitching cycle duration. 
The SWitching Frequency is the operating frequency of the 

poWer converter. 
The SWitching Period or SWitching Duration is the amount 

of time required to complete one sWitching cycle. 
The Charge Cycle, Charge Duration, SWitch on time, 

Energy Charge Duration, or Charge Duration refers to the 
portion of the sWitching cycle that is used to charge the 
inductor 20 or magnetic storage element. 
The Trough Charge Current is the inductor or magnetic 

element current level corresponding to the start of a charge 
cycle or end of a transfer cycle. 
The Peak Charge Current is the inductor or magnetic ele 

ment current level corresponding to the end of a charge cycle 
or beginning of a transfer cycle. 

Beginning and End of charge or transfer cycle is approxi 
mately at or near the beginning or end relative to the duration 
of the sWitching cycle. 
The Inductor or Magnetic Storage element is the compo 

nent of components in a poWer converter system that store 
energy in the form of a magnetic ?eld. 
The Output Filter Capacitor or Charge Storage element is 

the component of components in a poWer converter system 
that stores energy in the form of an electrostatic ?eld. 
The Transfer Duration, SWitch off time, Energy Transfer 

Duration, or Transfer Duration refer to the portion of the 
sWitching cycle that is used to transfer the stored magnetic 
energy or inductor 20 energy to the charge storage element or 
output ?lter capacitor and load. 
The Demand Value, Demand Signal, Current Set Point, or 

Target Value is an input parameter to parameter or parameters 
in the case of multiple channels to set the output current level 
or levels of the poWer converter channels. 
A poWer converter is operating in Continuous Current 

Mode When the magnetic storage element energy is either 
increasing or decreasing for each charge of transfer duration, 
and the charge, sample, and transfer durations sum to equal 
the sWitching period. Since the magnetic ?eld is proportional 
to the magnetic storage element current, the magnetic storage 
element current is also either increasing or decreasing for 
each sWitching cycle. 

Simulation Results: 
FIGS. 10-15 Were generated using the system model 

depicted in FIGS. 5-9, and Cadence PSPICE version 10.3.0 
softWare (Cadence Design Systems, San Jose, Calif.). 
PSPICE is a commercially available simulation softWare 
package used by design engineers to design and simulate 
circuits and related systems. PSPICE is a “Simulation Pro 
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gram With Integrated Circuit Emphasis” or SPICE program 
SPICE Was developed by the Electrical Engineering and 
Computer Sciences Department at the University of Califor 
nia, Berkeley. The diagrams depicted in FIGS. 10-15 are 
simulation results ofPSPICE circuit simulation models. They 
demonstrate a Workable model that serves as a basis for a 

design implementation. Those skilled in the art can utiliZed 
the model diagrams, and simulation results to construct a 
Working design. The models use a combination of discrete 
component models, Analog HardWare Description Language 
(AHDL) statements, and Behavior models. The AHDL state 
ments, and Behavior models can be implemented in a variety 
of Ways With simple electronic circuits, This model enables a 
design engineer to demonstrate a systems approach or 
method to address a problem or set of requirements Without 
constraining the design to one implementation or technology. 
Modeling of this nature is a common approach to systems 
design for complex systems. 

PRIOR ART 

FIG. 2 is a schematic vieW of a prior art converter. This 
example uses an inductor based boost converter 214 cascaded 
With a current sense element 34, and includes a current sense 
feedback Wire 36. The ?xed voltage source 28 is used to 
provide current to the load or loads 22 With a separate series 
pass element Within the converter, and a control loop Within 
the converter for each load. The current sense element 34, 
series pass element, and control loop regulate the load cur 
rents as the forWard voltage drop of the loads 22 vary due to 
temperature, life, or variations in the manufacturing process. 
In this example of prior art the load current is sensed continu 
ously. 

The use of multiple boost converters for each load With 
remote current sensing for feedback to a current control loop 
and series pass element permits the boost output voltage to be 
set to the minimum level that is required for current regula 
tion. HoWever, this approach adds an inductor 20 and ?lter 
capacitor for each current source Within the inductor based 
boost converter 214 in addition to the current sense feedback 
Wires and current sense elements that are needed to control 
current. These added components add cost, Weight, and siZe 
to the design solution, and also Waste poWer, loWing overall 
poWer conversion ef?ciency. 

Introduction to the Voltage to Current Converter (VCC): 
FIG. 1 is a schematic vieW of a three output Voltage to 

Current Converter 26 (V CC). The three output Voltage to 
Current Converter 26 (V CC) is supplied poWer from the 
voltage source 28. The energy from the voltage source 28 is 
stored in the inductor 20. The energy that is stored in the 
inductor 20 is transferred to the loads 22 as controlled output 
current sources ioutl, iout2, and iout3. The voltage to current 
converter 26 sWitches the inductor 20 from a charge cycle 
Where the inductor 20 is connected in series With the voltage 
source 28 for a short charging period. After a set the charging 
period the inductor 20 is connected from the voltage source 
28 to one of the three loads 22, and discharges into the load. 
Each load receives current as the inductor 20 is charged 
during a charging period, and then discharged during a trans 
fer period into one of the three loads 22. The example load list 
24 is provided to illustrate the types of loads 22 that require or 
bene?t from being driven by a Voltage to Current Converter 
26 current source output or channel. This list is not meant to 
limit the loads 22 to the types of loads 22 listed, but only to 
serve as a illustration of some of the types of loads 22 that may 
be driven by a Voltage to Current Converter 26. 
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6 
A Voltage to Current Converter 26 is described for a three 

load application to illustrate the basic principles of operation 
of the converter. The example used to introduce voltage to 
current conversion is not meant to limit the number of loads 
22 that can be driven. It is possible to drive a fraction of a load 
in the case to tWo of more voltage to current converters 
driving one load in parallel, or a single, orplurality of loads 22 
being driven by one or more voltage to current converters in 
combination. 

FIG. 3 is a schematic vieW of a single output implementa 
tion of a voltage to current converter 26. The average output 
current into the load is controlled by a current set point 30 iod. 
The single output voltage to current converter 26 does not 
require channel control and cross-coupled feedback. It is also 
possible to apply multiple voltage to current converters to a 
single load Where poWer for one load must be provided by 
more than one voltage source 28. 

FIG. 4 is a schematic vieW of a four channel voltage to 
current converter 26. The loads 22 in this example are sepa 
rated into four converter output channels, and some loads 22 
are comprised of multiple series load elements. The voltage to 
current converter 26 is capable of providing current to a 
plurality of loads 22 channels With a diversity of output volt 
age requirements. The output current is controlled to set each 
channel current to the values set by the current set point bus 
32. The current is regulated precisely taking into account 
charge imbalance due to varying output voltage levels. For 
example, If one channel requires tWice the voltage of an 
adjacent channel then it Will have tWice the charge loss as the 
inductor 20 charges parasitic capacitances before it reaches 
the voltage level that is needed to supply current to the load. 

FIGS. 5-9 provide the schematic vieWs of the preferred 
embodiment example of a three output voltage converter sys 
tem model. The symbols and expression statements used to 
construct this model are primitive Cadence PSPICE version 
10.3.0 model symbols (Cadence Design Systems, San Jose, 
Calif.). The schematics shoWn in FIGS. 5-9 can be utiliZed by 
a person of typical skill level in the art to construct a Working 
model and accompanying voltage to current converter, and to 
obtain the simulation results provided in FIGS. 10-15. Fur 
thermore, detailed Waveforms for current, voltage, and poWer 
can be obtained for every signal node and pin for the entire 
model. FIGS. 10-15 are a representative set of simulation 
results, but are a subset of the information available from the 
Working model as disclosed. 

Preferred Embodiment OvervieW 

FIGS. 5-9 provide schematic vieWs of a preferred embodi 
ment example of a three output voltage converter system 
model. The symbols and expression statements used to con 
struct this model are primitive Cadence PSPICE version 
10.3.0 model symbols (Cadence Design Systems, San Jose, 
Calif.). The schematics shoWn in FIGS. 5-9 can be utiliZed by 
an electrical engineer of typical skill level to construct a 
Working model and obtain the simulation results provided in 
FIGS. 10-15, and build a Working voltage to current con 
ver‘ter. Furthermore, detailed Waveforms for current, voltage, 
and poWer can be obtained for every node and pin for the 
entire model schematic set shoWn in FIGS. 5-9. FIGS. 10-15 
are a representative set of simulation results, but are a small 
fraction of the information available from the Working model 
as disclosed. The simulation results shoWn in FIGS. 10-15 
Were selected to aid in describing the operation on a three 
channel voltage to current converter 26 provided as the pre 
ferred embodiment of the invention. This model is not to be 
construed as limiting the invention to a three channel appli 












